In this paper we present the analysis of 3D measurements of the magnetocardiogram by means of current source reconstruction. The data considered are rest and exercise stress data of test subjects. The source model used to describe the heart activation is a distributed source model, which allows to follow how the heart activation spreads over the myocardium. We developed a four compartments human torso model including the heart cavity and two lungs. Different values of the compartment conductivities are used to study the effect of the inhomogeneities on the reconstructed sources. The comparison between rest and stress data is done by means of correlations coefficients that indicate how close the reconstructed sources are in terms of dipoles moments, since in the source model considered the dipoles positions are fixed and depend on the source space model geometry. The same analyses are repeated using the 3D magnetic data and only the normal component, to investigate the additional information given by the tangential components. The results show that the torso and heart conductivities have a stronger influence than the one of the lungs, and that the 3D data are less sensitive to the changes of the compartment conductivities.
Introduction
Current source reconstruction (CSR) of the magnetocardiogram (MCG) signals is a useful tool to visualize the current flow in the human heart. The magnetic signals recorded by multichannel MCG systems are used in order to compute the solution of the so-called inverse problem, thus obtaining a reconstructed source that can be used to evaluate the electric activity in the myocardium. Such a method can be applied to study the electric activation in patients that suffered from myocardial infarction (MI) or affected by coronary artery disease (CAD). A common method of analysis for CAD and MI patients is exercise testing to provoke ischemia 1)-2) . The MCG system used is able to detect three-dimensional (3D) magnetic fields. Simulation studies to evaluate the information gain obtained using vector fields have been carried out 3) . The aim of the present study is to apply CSR on exercise test measurements to select a criterion of comparison, specifically correlation coefficients, between rest and stress data so that their differences can be quantified and to investigate the influence of the torso inhomogeneities on these coefficients. For this purpose we developed a volume conductor model that includes the torso, the heart cavity and the lungs. The analyses were repeated using the 3D components data and only the normal component of the same subjects in order to show what is the contribution given by the tangential components of the magnetic fields in the calculation of the CSR with real data. All data analyses were performed using the software MFIView of the BMDSys Gmbh (Jena, Germany).
MCG measurements
The MCG measurements were carried out on the MCG system at the Tokyo Denki University (TDU) 4)- 5) , that operates inside a manetically shielded room (MSR), using a second order gradiometer shown in Fig. 1 , which was orthogonal wound on a rectungular solid 3x3x6 cm. a) b) Fig. 1 A 3D second order gradiometer.
The typical multichannel systems used in MCG are planar systems, which can measure only the field perpendicular to the body surface (normal component). The system developed at the TDU is able to record simultaneously both the normal and tangential components. The test subjects underwent the same measurement protocol 6) : the rest data are recorded for 4 minutes, the exercise test is performed until the target heart rate is reached and the exercise is stopped, and then immediately afterwards the stress data are measured. Rest and stress data are digitized with a sampling frequency of 1 kHz, and 48 measurement points are considered (four scanning, fixed circle), as shown in Fig. 2 , so that the chest area is completely covered. 
Torso Model
The torso model chosen to solve the inverse problem is the boundary element method (BEM), that considers a piecewise homogeneous volume conductor with constant potential approximation, so that the potential inside the volume and the magnetic field outside are completely determined by the potential at the interfaces of the regions with different conductivities 7)-8) . The effect of the discontinuities is reflected in the genesis of an equivalent surface current distribution at the interfaces, also called "secondary current" to be distinguished from the primary currents, which are the biological ones. The developed model is shown in Fig. 3 , and considers four compartments: torso, heart and two lungs, obtained from a CT data acquisition. The same algorithm is used to generate a triangular mesh of all compartments: first a segmentation was performed to locate a set of scattered points that correspond to a compartment surface (or volume). Then a triangulated sphere, with a defined number of points, was positioned in the center of mass of the volume to be modeled and was subsequently expanded, deforming and adapting its shape when it start finding the points of the compartment, until all points are included in the surface. The resulting model has 295 points and 586 triangular elements for each surface.
In MCG studies, a suitable description for the current source is a distributed source model, that considers the heart activation determined by an elevated number of current dipoles, with fixed location in the volume or on the surface of the heart, the so-called source space, and varying orientations and amplitudes. Such a model is a more realistic representation than single or multiple dipole models, since the heart electric activation is not localized in a small portion of the myocardium volume, but is spread as an activation wavefront. The source model used has 586 dipoles, each one positioned in one of the 586 triangles the source space surface. For every dipole only the three parameters of its momentum had to be estimated, but only 48 measurement points were available, that correspond to 144 values when the vector data were used. Assuming that M is the number of magnetic field values available and N is the number of dipoles, we can use the lead field formulation to write the matrix equation of the inverse problem as in (1):
where B is a vector M*1 of the magnetic field values at the measurement points, L is the M*3N lead field matrix denoting the sensitivity distribution of the sensors, and J is the 3N vector of dipole to be calculated.
Because of the underdetermined problem, the minimum norm estimation technique was used to find the most plausible solution 9)-10) . The conductivity values of each inhomogeneity may vary from individual to individual, and it is important to evaluate whether the contribution of a certain inhomogeneity strongly affects the total magnetic field. The values for the different conductivities were chosen in agreement with the literature 11)-12) and then were changed to test the influence of each compartment to the genesis of the field outside of the body. The typical values are 0.2 S/m for the torso, 0.05 S/m for the lungs and 0.6 S/m for the heart. They appear as the underlined ones in Tab. 1. The other values were chosen to test what happens in case of the compartment is not considered (but in case of the torso, a very small value of conductivity is used, since it cannot be excluded completely), low conductivity and high conductivity for each compartment.
Three types of CSR tests were performed: first, we calculated the CSR modifying the conductivity of the torso to the very low, low and high values, and keeping fixed the ones of heart and lungs to the typical values.
The second test was done in a similar way: the torso and lungs conductivities were fixed, whereas the heart´s one was changed. Finally the CSR was performed modifying the lungs conductivity. Table 1 Conductivity values for each compartment (S/m). The typical ones are indicated as standard. Null value for heart and lungs means that the compartment is not considered, i.e. its conductivity is the same as the torso.
Results
In the analysis of stress measurements, the main time interval of interest is the ST segment. In Fig. 4 the averaged waveform of the rest and exercise data are shown. A first problem to face is that after performing the stress test, the RR interval may strongly decrease, and the corresponding time points of P, QRS and T wave are different. A direct comparison of the signals on specific instants becomes rather difficult to be done since they have to be selected visually, being prone to individual errors. To avoid this problem, the two signals can be matched using a time rescaling operator, that allows to have the same time length in the segment of interest 13) , as shown in QRST intervals and data lengths are respectively 360 ms and 850ms in rest data and 310 ms and 600 ms in stress data.
After performing the RT-match on the averaged data, the equivalent current density was calculated as a surface current density. Such a CSR does not represent the real current flow in the heart, and the volume conductor model used is the same for all data; however, this method was applied on rest and stress data that were measured consecutively, having the test subject always the same position. The calculated CSR is then a projection of the real current flow on the heart surface, and repolarization alterations could be visualized in the ST segment. To quantify the difference in the reconstructed sources, two correlation parameters were considered using the results of the rest and exercise data. Since the source space model was the same for both data, and the dipoles had fixed positions a vector correlation value, defined in (2), can be calculated for every pair of dipoles in the same position: Another method to investigate the reconstructed sources is to consider an equivalent dipole calculated at each time instant, having as moment and position the values defined by (3) and (4):
is the average of all moments,
is the center of mass, i is the dipole index, NP is the number of dipoles, ) (t J i r is the amplitude of the i-th dipoles at the time t, and i P r its position. This averaged dipole represents the center of mass of the activation; once it was calculated for every time instant, a correlation coefficient that considers the shift in the dipole position, could be found in a similar way to (1) but using the equivalent average dipole as (5): 
is the distance of the two average dipoles at time t, and Dmax is the maximum axis of the source space model, here used as a normalization factor.
Discussion
The CSRs are calculated for 6 test subjects. The reconstructed sources can be visualized either as surface currents as shown in Fig. 6 , or using the equivalent average dipole introduced in (3) and (4). The corresponding correlation coefficients C vect and C Wvect were found for the tested conductivities of the different compartments. The results of C vect are plotted in Fig. 7 to 12 in function of the conductivity, C Wvect shows similar results. The C vect and C wvect express the degree of similarity of the CSR of rest and stress data, higher values indicate small differences in the CSRs, whereas lower values indicate a greater sensitivity to induced currents that modify the ST segment 2) .
The results shown in Fig. 7 to 12 are summarized in Tab. 2 and 3. Among the different compartments, the variation in the lungs conductivity values had the lower effect on the coefficients values. The torso and heart conductivities showed instead a stronger influence on the CSR computation. Table 2 Average values of C vect for zero, low and high conductivities of each compartment in case of normal component data. Standard deviations are indicated in parentheses. Table 3 Average values of C vect for zero, low and high conductivities of each compartment in case of vector data. Standard deviations are indicated in parantheses. 
Conductivity
To evaluate the differences between vector and normal component data, the p-value of the Student t-test were calculated between the two groups of Cvect values of vector and normal data, and repeating the test for every conductivity. The most significant values were found for the lowest torso conductivity (p = 0.256) * and high heart conductivity (p = 0.33) ** , where the additional information provided by the tangential components of the field showed a moderate significance for the two sets of C vect values.
Conclusion
The effect of the volume conductor inhomogeneities were investigated through the analysis of MCG data before and after stress test. The comparison of the reconstructed sources was done using correlation coefficients, that indicate how the CSR changes on the source space surface.
The correlation coefficients calculated for the vector data looked generally less dependent on the changes of conductivities, thus suggesting that the use of a standard model of the torso volume conductor for the analysis is more reasonable than in case of planar data.
Distributed current distribution models have proven to be a promising method for non invasive analysis of stress test measurements 14) . The presented method can be applied to the study of patients data to evaluate quantitatively, by means of C vect and C Wvect , how the disturbances in the repolarization phase influence the reconstructed sources after exercise stress test.
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